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SUMMARY 


The effects of the vake resulting from control- surface deflection 
on the internal performance of two sr 5 »er sonic diffusers (conical center- 
body type} and on the engine-body interference drag vere investigated 
in the Lewis 8- by 6-foot supersonic wind tunnel at a Mach number 
of 2.0, angles of attack from 0° to 10°, control- surface deflection 

O T ^ ' P 

angles from 0 to 9± , and at a Reynolds number of approximately 1.5X10 


based on inlet diameter. Nacelle-type engines were mounted on a body 
of revolution approximately 10 mean chords downstream of and in the 
plane of the control surface. The diffuser performance was determined 
at two spanwise locations; (l) alined with, and (2) approximately 
6 inches outboard of the control- siirf ace tips, A modified diffuser was 
investigated in the outboard location. Both diffusers were tested in 
the undisturbed stream. 


The investigation indicated that severe performance penalties 
result if the inlet is immersed in the disturbed flow resulting from 
the trailing vortex, but that these penalties may be considerably miti- 
gated by a rather small outboard shift of the engines. At the hi gbe r 
angles of attack and with the control siirface removed, the upwash field 
, generated by the body increased the euagle-of-attack effects of the dif- 
fuser by approximately 40 percent for both engine locations. 

For the inboard engine location, the favorable interference drag 
produced by the relative location of the engines and the body was not 
affected by control- surf ace deflection. 
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IKTRODUCTIOB 

A serious proTalem in tiie design of a missile is the arrangement of 

the congponent parts of the configuration. Althou^ the characteristics _ 

of each part may he calculated or obtained experimentally, the over-all 
performance of the missile will depend upon the interrelation of the fn 

components and the interaction of one conponent on another. o 

Recent investigations (references 1 and 2) have shown that a favor- 
able interference drag can be produced from the relative location of ^ 

the missile conponents, that is, the drag of the complete missile is 
less than the sum of the Individual drags. For a fuselage with nacelle 
engines, the drag will be a miniTnum fdien the engines are located close 
to the body and at a station downstream of the maximum diameter of the 
body (reference l). For a ftiselage-nacelle engine configuration of 
this type, a canard- type control surface may be advantageous. With 
lift, however, a rolled-up vortex sheet is generated by the control 
surface, the effects of which appear as losses in total pressure and as 
flow angularity. These effects spread laterally as the vortex moves = 

downstream and if the air inlet is located in this disturbed air-flow 
region, serious performance penalties can result which may, in turn, 
alter the selection of component arrangements. 

This Investigation was conducted to determine the effects of the 
wake resulting from control- surf ace deflection on the performance of * 

two different diffuser designs mounted on a typical missile configura- 
tion and to Indicate to what extent the control mi^t influence the 
missile arrangement. The Investigation was conducted in the BACA Lewis _ ___ 

8- by 6-foot supersonic wind tunnel' at a Mach number of 2.0, angles of 

attack from 0° to 10°, control- surf ace deflections from 0° to 9^ , and 

7 ^ 

a Reynolds nimiber of approximately 41XL0 based on body length. . _ 


SYMBOLS ■ 

The following symbols are used in this report: 

Aq control- surface plan area, induing area formed by extending 

leading and trailing edges to body center line, 0.937 sq ft 

Af frontal area of body, 0.442 sq ft 

Cj) drag coefficient, D/qQA^ 

D drag 

Mq free- stream Mach number 


\V.. 
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mass-flow ratio, value of 1 when free-stream tube, as defined 
i,j cowl lip, enters engine 

total pressure 

static pressure 

free-stream. dynamic pressure, 

angle of attack 

control- surface deflection away from body center line, positive 
deflection same sense as positive angle of attack 

Subscripts; 

0 free stream 

2 station in subsonic diffuser 

3 entrance to engine combustion chamber 

A conditions in flow field immediately ahead of diffuser 

1 local 

max Tna.viTtmTTi 


mg/mo 

P 

P 

CO 

Ol rr 

CD ^ 

O 

8 


APPAEATUS AHD PROCEDUEE 

The model used in this investigation (fig. l) consisted of a body 
of revolution with a canard- type control surface and two nacelle engines 
mounted in the horizontal plane. The body had. a length- diameter ratio 
of 12 and a maximum diameter of 9 Inches. 

The control surface used with the iiiboard engine ■ location had a 
plan area A^. of 0.937 square feet, an aspect ratio of 3.0, a taper 

ratio of 0.5, and an unswept 50-percent chord line. The airfoil sec- 
tion was a double circular arc, 5-percent thick except near the root 
where the thickness was increased to 8 percent for structural reasons. 
The all-movable control sxirface was hinged about its 50-percent chord 
line and was remotely operated. The nose portion of the body adjacent 
to the forward half of the control was fixed to and deflected with the 
surface. 

Two diffusers (fig. 2) were investigated. The first (fig. 2(a)) 
was designed with a strai^t- taper cowl of low divergence in order to 
obtain minimum drag, and for the second (fig. 2(b)), the low drag 
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charac'terls'tlcB were congjromised In favor of hl^er pressvire recovery 
by enploying a high-ajigle lip and a constant-area section for boundary- 
layer stabilization. This inlet also had four removable cowl struts 
located 90° apart to simulate structtiral struts that migh-h be used on 
a full scale engine. Ihe coordinates for the second diffuser eire pre- 
sented in figure 2. Neither diffuser utilized internal contraction. 

3Dhe engines were mounted in two lateral locations, l^ and 2 engine 

diameters from the fuselage, designated herein as inboard- engine loca- 
tion and outboard-engine location, respectively. The straight- taper 
diffuser was tested in both locations and alone in the undisturbed 
stream. The second diffuser was tested only in the outboard location 
and in the •undisturbed stream. 

The Inlets were nearly alined ■with the tips of the control surface 
at zero angle of attack for the Inboard- engine location. For the 
investigation with the engine in the outboard location, the span of the 
control ■was reduced by approximately & inches, thus placing each engine 
about 6 inches outboard of the control tips ■without ■using excessively 
long support struts. 

Also shown in figure 2 is the orifice used to control engine mass 
flow. The orifice consisted of ■two circular flat plates with open eurea 
segments. The open area was varied by rotating one of the plates -with 
respect to the o"ther. Previous calibration had de^termlned that for the 
range of flow conditions in the engines ■the orifice-plate flow coeffi- 
cient -was approximately 0.87. 

Instrumen'tatloh for all engines included static-pressure measure- 
ments at stations 3 and B. For one of the diffusers in the Inboard 
location and for the modified diffuser, total- an d static-pressure 
rakes were located at station 2, In addition, total-pressure tubes 
were flush mounted in the inlet cowl struts (s-fcatlon l) of the modified 
engine. 

The mass flow throu^ the engines -was determined from the kno^wn 
open area at the orifice and the static pressure measured at s'fcatlon B 
with the asBunption that the exit area "was choked. The mass flow is 
believed accurate to i3 percent. To’fcal-pressure recovery P 3 /P 0 

determined from the kno^wn mass flow and the s’fcatlc pressTore measured 
at station 3 and is considered accurate to il percent. 
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DISCUSSION 


Intemal-Flow BTaluatlon 


Stral^t- taper- covl fllffoeer . - In order to determine a tasis for 
coB 5 )ari 8 on of the internal performance of the several model configura- 
tions, the stral^t-taper diffuser was tested alone in the undisturbed 
stream. The diffuser performance is shown, in figure 3, where the 
total-pressure recovery is presented as a function of mass-flow ratio. 
Total-pressure recovery is defined as the total pressure congjuted at 
the combustion- chamber inlet divided by free-stream total pressure; 
and mass-flow ratio is defined as the ratio of the mass flowing thro\i^ 
the engine to the mass flowing in a free-stream tube of a diameter 
equal to that of the engine inlet. From, the curves (fig. 3), it is 
evident that the pressure recovery, the TnR.yiTm]Tn mass- flow ratio, and 
the stable sub critical range decrease considerably as the angle of 
attack is Increased. The •ma.vl'nmTn pressure recovery measured in this 
diffuser was quite low (81 percent). This low recovery probably 
resulted from the low cowl-lip angle which produced an abrvrpt change in 
the flow direction at the lip and (because the diffuser had no constant- 
area section for boundary-layer stabilization) probably adversely 
Influenced the boundary layer on the cowl walls. This presuagjtlon vas 
supported by total-pressure data at station 2 (not included in this 
report), which indicated that the low-energy air was located in an 
annxilar area at the cowl walls. The strai^t- taper cowling also caused 
an abrupt change in curvature of the centerbody (fig. 2(a); to avoid 
internal contraction which probably also adversely affected the dif- 
fuser performance. 


Locating the engine near the body ^1^ engine diameters from the 

body center line, fig. l), had a negligible effect on the pressure 
recovery but reduced the mass flow approximately 1 percent at the lower 
angles of attack, as shown in figures 4 and 5. However, at angles' of 
attack of 6° and 10°, both the pressure recoveries and the mass-rflow 
ratios were significantly reduced by the presence of the body. The 
range of stable siibcritical operation (fig. 4), however, was essentially 
the same as for the Investigation of the engine alone. The adverse 
effects at the higher angles of attack, as compared with engine-alone 
performance, are due to the upwash field generated by the body. Flow . 
surveys presented in reference 3 show this upwash field and Indicate 
that, at an angle of attack a of 6°, the increased flow angle of 

1 ° 

attack is approximately 3^ , an increase of about 40 percent. As shown 

in figure 5, at an a of 10° the maximum pressure recovery of the 
engine-body combination is approximately the same as for the engine 
alone at an a of 14°, indicating again that the effective angle of 
attack is Increased by as much as 40 percent by the flow around the 
body. 



6 


NA.CA EM E52F16 


The diffuser characteristics for the complete configuration 
(engines, body, and control surface) are shown in figure 6 for the 

inboard engine location. With the engines locate I5 engine diameters 

from, the model center line, the inlets were aljnost alined with the 
control- s\irf ace tips. For an a, of 0^, the addition of the control 
surface at zero deflection decreased the pressure recovery approximately 
1 percent of free-stream total pressure and reduced the mavittrinn cap- 
tured mass flow appro xima tely 3 percent. Since it was shown before 
that at an a of 0 the body effects were very smsill, these reductions 
are due pri m arily to the reduced available total j^ressure in the waie, 
even though the control surface was at an a of 0°. Increasing the 
control- STorf ace deflection caused a considerable reduction in diffuser 

1 ° 

performance, especially at a 6 of 9^ where the peak pressure recov- 
ery was reduced by more than 12 percent from the value at a S of 0°. 

At an a n g l e of attack of 3°, control deflection resulted in per- 
formance reductions similar to those at an a of 0°, except for a 
1 ° 

8 of 9^ where the effect was less prbnounced. As the angle of attack 

is Increased, the adverse effects of control deflection are reduced 
because of the vortex core passing above the inlet. 

In order to provide some insist into the mechanism whereby the 
diffuser is ed'fected by the control- surface wake, a flow survey was 
taken at the inlet station. The results of this survey are presented 
in reference 3 and are partly reproduced in figure 7 which shows the 
available total pressure and the flow angularity at the inlet station 
(the dotted circle represents the inlet). Figure 7 also shows contours 
of diffuser total-pressure recovery in the annulus at station 2. Fig- 
ure 7(a) represents the distribution for diffuser operation near criti- 
cal (marked A in fig. 6) for an a of 0° and a 5 of 0°. Because 
neither the control nor the body were producing lift, no flow angularity 
was observed althou^ the wake from the control surface was sll^tly 
displaced' below the model center line. This displacement resulted from 
a sli^t pressure gradient developed by the support strut. Part of the. 
wake enters the inlet an,d produces a significant asymmetric pressure 
distribution; however, the effect on total-pressure recovery as shown 
in figure 6(a) is rather small. Figure 7(b) shows the distribution for 
point B of figure 6, which was the peak-pressure-recovery point for 

the configuration at an a of 0° and a 8 of 3^ . The total-pressure 

distribution in figure 7(b) indicates that a very low pressure area 
exists in the entire lower right q-uadrant. The possibility of sepaxa- 
tion exists in the region where the total-pressure ratio is below 0.55, 
because this is approximately eq\ial to wall static pressure. The total- 
pressure distribution from the flow survey shows that a correspondingly 
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low total-pressure region exists in this area in the flow field ahead 
of the inlet. lEhe flow-angularity plot shows rather large deflections 
all around the inlet; however, the largest deflecrfcions are centered 
about this region of low total pressure, approximately 6° sidewash and 


upwash. 


It thiis appears that both low available total-pressure air 


and flow angularity affect the pressure recovery of the diffuser. Flg- 
Tires 7(c) and 7(d) represent, respectively, data points marked as C 
and D on figure 6 and show that the regions of low total pressure at 
station 2 (diffuser total-pressure distributions) correspond, in gen- 
eral, to the regions of low available total pressure at the inlet sta- 
tion. The flow angularities Induced by the control surface and, the 
body also undoubtedly affect the distribution; however, no clear trend 
is apparent for these conditions. At an angle of attack of 10° 

(point E on fig. 6), however, the diffuser is primarily affected by 
the flow an gularity as shown in figure 7(e). The flow survey shows 
only a sll^t available total-pressure loss, whereas, the flow deflec- 
tions induced by the body, added to tb.e 10° angle of attack of the 
engine, caused large losses in the diffuser. Thus, apparently both a 
reduced available total pressure and an Increased flow angularity (due 
either to the control or the body) can cause regions of low total pres- 
sure in the diffuser passage. These low-energy regions can be particu- 
larly serious in the bxxming case and certainly would cause added com- 
plications to the fuel injection and distribution problem. 


The performance characteristics of the stral^t-taper diffuser for 
the outboard-engine location configuration are shown in figure 8. With 
the inlet located well outside the free- stream projection of the 
control- surf ace tips, the diffuser performance was not seriously 
affected by control deflection, althou^ measurable changes were noted. 
At the hl^er angles of attack, becaiise control deflection only a 
relatively small effect on the pressure recoveiy and the mass-flow 
ratio, the large decreases from the engine- alone characteristics can be 
attributed to the upwash field produced by the body. In figure 9, a 
ccmparison of the diffuser performance for the two engi-pp> locations 
shows that, in general, the pressure recovery for the inboard-engine 
location was lower than the recovery for the outboard- engine location. 
At the hl^ angles of attack, control deflection had comparable effects 
on the diffusers for both engine locations, as did body upwash. At the 
lower a n gl e s, however, control deflection load a considerably more 
adverse effect on the diffuser performance for the inboard- engine loca- 
tion. This suggests that the effects of the vortex developed by the 
control- surf ace tips (or the rolling up of the vortex sheet) remains 
somevdiat localized as the vortex moves downstream and that the large 
reductions in diffuser performance may be considerably mitigated by a 
rather smal 1 outboard shift in the inlet location if a canard- type con- 
trol is to be used. 
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Hl^-pressure-recovery diffuser . - Ihe diffuser desigiaed. for hlgsli 
pressure recovery was tested in the undisturbed stream and in the 
outboard- engine location on the body to determine if performance reduc- 
tions comparable to those of the stral^t-taper diffuser would result 
from a hl^-perfonnance diffuser. Ihe characteristics of this diffuser 
tested in the undisturbed stream both with ar>d without cowl struts are 
shown in figure 10. Comparison of the recovery of the modified dif- 
fuser with the straight- taper diffuser indicates .that the modified 
design gave much better total-pressure recoveries at an angles of 
attack up to 16°. Because both corfcal center bodies were of 25° half- 
angle, the supersonic losses should be about the same, and, hence the 
Increased recovery must have resulted from the subsonic diffuser. As 
shown in figure 2, the modified design has a much more gradual rate of 
subsonic diffusion than the first diffuser and has a lip angle more 
nearly alined with the local flow. ‘ Glieoretical sipersonlc losses for 
a 25°-cone half-angle diffuser at an a of 0° and a Mach number of 2.0 
are approximately 10 percent of free- stream total; thus the subsonic 

losses must have been only about 3^ percent of free- stream total for 
this dlfdPuser. 

At angles of attack of 10° and above, the cowl struts Improved the 
pressure recoveries markedly. For exanple, at an a of 20°, the addi- 
tion of the cowl struts increased the recovery by about 5 percent of 
free-stream total. A possible explanation is that the struts acted as 
tu rn ing vanes and by helping to turn the flow, reduced the losses. 

The investigation of the modified diffuser in the outboard- engine 
location on the conplete model showed that deflection of the control 
surface had very little or no effect on the diffuser performance and 
conplete data are not presented. The Tnayi-Tituni recoveries for this con- 
figuration, as a function of angle of attack, are presented in fig- 
ure 11. The increasing difference between the engine-alone recoveries 
emd those for the engine-body - control- surface combination indicate 
that the upwash field of the body influenced the modified diffuser in 
much the same manner as it influenced the straight-taper diffuser. 
Probably because the modified design gave such hl^ performance at zero 
angle of attack, increasing the angle of attack had a more adverse 
effect on the recoveries than it did for the straight- taper diffuser. 


Drsig Evaluation 

From the investigation of the diffuser characteristics (inboard- 
engine location) with control deflection, severe penalties have been 
shown to result in the form of reduced pressure recovery (and hence 
reduced thrust) from- a canard- type control surface. Because favorable 
drag interference -was the .chief determinant of this type of component 
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arrangement, an investigation was conducted to determine tiie effect of 
qontrcl deflection on the interference drag for superciritlcal engine 
flow. The drag coefficient is defined as the sttm of i the drag 
forces on the external surfaces of the model. 

The drag of the configuration (hody - control surface and two hori- 
zontal engines) Increased rapidly with control deflection (fig. 12), 

In order to determine if this increase were due entirely to the 
increased drag of -Uie control surface at angle pf attack, the drag of 
the control siirf ace in the presence of the "body was experimentally 
determined from the difference in drag hetween the hody plus control- 
surface combination and the hody alone. The control- surface drag 
(fig. 12 } shows that the change in configuration drag is entirely 
accounted for hy the -Increase in control- surface drag and thus, within 
the experimental accuracy, the vortex from the control surface had no 
effect on the favorable Interference drag. 

Therefore with the engines placed close to the hody, two opposing 
effects are noted. Because the inlets are immersed in the disturbed 
flow from the control soarface, diffuser total-pressure recovery and, 
hence, engine thrust will he redaiced. However, the relative location 
of the engines and hody produced a favorable interference drag and it 
is possible that this reduction in drag may he greater than the loss of 
thrust, thus resulting in a net gain in configuration thrust minus drag. 


SUMMARI OF RESULTS 

An investigation to determine the effects of control- surf ace 
deflection on the internal performance of a diffuser at a Mach nimiber 
of 2.0 and a Reynolds number of 1.5XL0° based on inlet diameter was 
conducted in the Lewie 8- hy 6-foot supersonic wind tunnel. The dif- 
fuser inlets were located approximately 10 mean geometric chord lengths 
downstream of the control surface. The stral^t taper diffuser was 
investigated in two ^anwise locations; (l) alined with, and ( 2 ) to 
approximately 6 Inches outboard of the control- surf ace tips at an angle 
of attack of 0°. The modified diffuser was' investigated in the 
outboard- engine location. 

The following results were obtained: 

1. If an air inlet is alined with the control- surface tips, severe 
losses in pressiire recovery and mass- flow recovery pan result as com- 
pared with the diffuser characteristics in the free stream. These 
losses are due to a reduced available total pressure and to flow angu- 
larity in the stream. 
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2. Moving tlie Inlets outboai^ of the vortex field from the control 
stirface tips (l.6 inlet diameters for this model) considerahly iii 5 > 2 X»ved 
the diffuser perfonnance at the low angles of attach where the control- 
surface effects are most pronounced. 

3. With the control surface removed, the upwash field produced by 
the body at the hi^er angles of attack adversely affected the dif- 
fusers in both engine locations to approximately the same extent. The 
flow deflection produced by the body increased the effective angle of 
attack of the diffusers by approximately 40 percent. 

4. From the investigation of the modified diffuser in the undis- 
tiirbed stream, it is Indicated that the addition of cowl struts in the 
engine inlet may improve the performance considerably at the hi ghe r 
angle of attack, possibly because of the flow-tirrning effect of the 
struts. 


5. For the inboard- engine location, the favorable interference 
drag created by the relative positions of the engines and body was not 
affected by control- surface deflection. 

Lewis Fll^t Propulsion Laboratory - 

National Advisory Committee for Aeronautics 
Cleveland, Ohio 
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Figure S. - Variation of total-prosauro recovery with masB-flow ratio for englne-hody - 
control- surface configuration (Inboard-engine location) at aeveral. angles of attack. 
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(a) Point A cjn figure 6. Angle of attack, 0°; 
control-surface deflection, 0°. 



Figure 7. - Total-preseure-reoovory contours at station 2 and flow survey at 
Inlet for model witli Inioard-englne location at several model angles of 
attack and control-surface deflections. 
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Figure 7, - Continued, Total-pressur.e-reoovery contours at station 2 and flow surrey 
at Inlet for model with. Inboard -engine location at sereral model angles of attack 
and control-surface deflections. 
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Horizontal distance frcm model center line, In. 

(d) Point D on figure 6. Angle of attack, 3°; 
control-surface deflection, 9^ . 

Pigure 7. - Continued. Total -pressure-recovery contours at station 2 and flaw survey 
at inlet for model witii Intoard-englne location^ at several model angles of attack 
and control- surface deflections. 
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(e) Point E on figure 6. Angle of attack, 10°; 
control-surface deflection, 0°. 

Figure 7. - Concluded. Total-pressure -recovery contours at station 2 and flow survey 
at Inlet for model with inhoard-engine location at several model angles of attack 
bthI oontrol-surfaoa deflections. 
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(a) Angle of attack, 0°. 
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(o) Angle of attack, 6°. 


(d) Angle of attack, 10°. 


Figure 8. - Yariation of total-pressure recovery witli mass-flow ratio for 
engine-tody - control- surface configuration (outtoeird- engine location) at 
several angles of attack. 
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Figure 10. - Tariatlon of total-pressure recovery with mass-flow ratio for 
modified engine alone with and without inlet cowl struts at several angles 
of attack. 
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Figure 11. - Tariatlon. of mfl-rimnnT total-pressure recorery wltli angle of attack 
for modified engine alone and in outtoard-engine location on 'body. 
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Figure 12.- Variation of configuration-drag minus conxrol-BW?face-drag coef- 
ficients (including interference-drag coefficient) with control-surface 
deflection for an angle of attack of 0°. 
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